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This report presents the results o£ a program to develop special 
instrumentation systems and engine hardware, conduct tests using 
LOX/GH 2 propellants wherein radial mixture ratio stratification 
was controlled, and subsequently compare the results of four selec- 


I 








X 


to 




1 




1 

to 




0 

+-» 

to 

• 

5 


CD 


0 




-X 

4 h 


0 

X 

a 




•H 

P 

0 

to 

0 




rH 


to 

45 

ct& 

0 


45 

0 

p 




4-> 


•H 


r-H 

* 

0 

fp 

P 


0 

bo 

0 



P 


p 




0 

r— 1 

P 

B 

m 

to 

rP 

p 



•iH 

P 

fp 

bO 



0 

bO 




•H 

t-H 

P 

0 


bO 

N 

•H 

c3 

Ip 

0 

0 


P 


0 

45 

0 

P 

0 


nzJ 

<D 

P 

U 

r— 4 

P 

KJ 

X 

to 

0 

P 

45 

0 

•iH 

P 

P 

P 

P 


45 


<D 

P. 


m 

CD 

•iH 

0 

p 


P 

0 

P 

> 

bO 

P 



Pf 

P 

p 


U 

0 

<D 


P 

P 

P 


45 

P 

•iH 

iP 

ip 

P 


to 

P 


0 



Ph 

P 




•H 


0 

P 

0 

0 

< 

P 

P 


P 

0 

P 


<44 


1 

Pi 

P 

p 



45 

45 

•iH 

H 

•H 


> 

P 

p 

to 

0 

0 


0 


<D 




rH 


P 

P 

> 

•iH 

4 h 




p 

•rH 

> 

P 




0 

f— 1 

X 


P 

CD 

•P 



P 

4 h 

• 

X 

0 

-d 

to 

P 

P 

Oi 

p 


C 

t-H 

•H 

00 

P 

X 


4 h 

P 

0 

0 

X 

4i 

P 


P 

0 

&• 

P 

0 



P 

B 

• 

0 

P 


0 

0 

P 


fp 


0 

0 

0 

43 

a 

0 

•rH 



P 


00 

P 




45 

X 

X 

0 

nd 

ip 

45 

Of 


0 

P 

P 



0) 

0 



4-1 


to 

P 

0 

P 

> 

0 

B* 

P 



u 

0 

0 


0 

> 


0 

CD 

0 

•iH 

p 

0 


•H 

•H 

p 

a 


to 

0 



P 



0 


p 

X 


to 

p 

bo 

'p 

0 

P 

•H 

0 


P 

P 

0 

bO 

P 


U 




P 

X 

P 

0 

0 

0 

0 

0 

a 

0 

to 

•H 

•rH 

45 

P 

0 


0 

a> 

(D 

r^ 


P 


B 

p 

p 

fp 

0 

•H 

p 

P 

43 

P 

p 

•iH 

P 


Ph 

•P 

r*H 

• 

<P 

•iH 

0 

0 


0 

0 

P 

fp 

•rH 

to 


P 



P 




•H 

LO 

0 

P 

to 

P 

•* 

0 

> 

to 



0 

0 

43 

45 

P 

•P 


PU 


X 



0 

CM 

P 

to 

p 


0 

to 

X 

p 

•rH 

0 

p 

0 


• 

< 



g 

P 

•Ip 


to 

0 

p 

P 

p 

P 

rH 


P 


•rH 


0 

to 


CO 


0 

P 

cd 

P 

cd 

ip 

0 

to 



P 

p 

P 

to 



45 


Z 

p 


P 

CD 

£ 

0 

0 

•iH 

0 

P 



P 

0 

P 

P 


P 

P 

0 

< 


vO 


0 



:s 

4 h 


P 

p 

bO 

0 

*H 



0 

0 


Ip 


<D 



P 

P 

to 


0 

0 

45 

p 

P 

P 

P 

0 


'd 

•rH 

0 

<44 


€ 

vO 


CD 


CSI 


P 

4: 

X 

0 

•H 

P 

P 

P 

P 

P 

P 

P 


0 

•H 


<D 

P 

P 

CM 

• - 

P 

H 

0 

0 

fp 

P 

P 

P 

0 

a 

P 


P 

X 


0 

•H 


»iH 


ip 




p 

P 

P 

P 

P 

•iH 


N 

13 

P 

4-» 

<D 

4-> 

P 

0 


P 

• • 

X 


0 

0 


Cti 

-d 

X 

P 

to 

•H 

0 

P 


P 


P 

Ip 

P 

0 


P 

• 

•H 

p 

CQ 



•H 

P 

P 

•d 

•rH 

fp 

M-i 

X 


> 


P 

45 


rH 


P 


to 

X 

P 

a 

rP 

0 

p 

fp 

0 

0 

<i> 



t-H 

0$ 

P 

p 

4 h 

0 

CO 

to 


43 

P 


0 

•rH 

p 

&• 

0 



rj- 

0 

CtS 

tH 

•H 

0 


P 

•iH 

• 

to 


0 


P 

P 

»d 

o, 

U 

tn 

(D 



P 

0 

0 


P 

•H 

P 

00 

d 


45 

0 

P 

P 

P 

p 


C 

.P 

B 

<D 

•ri 

0 


rH 

P 

P 

0 

0^ 

bO 

P 

to 

P 

0 

rP 

p 


P 

0 


5 


B 

0 

to 

• • 

0 

P 

P 



ctS 


0 

0 

P 

p 

to 

0 

•H 


U 


0 


0 j 

10 

45 

43 

0 

-P 

P 


0 

0 


0 

CO 

P 

X 

4 -> 

bO 


(D 

P 

P 


CM 


0 

rt 

P 

to 

a 

45 

•r-> 

X 

fp 



p 

0 

P 


P 


CD 



iP 


P 

P 

g 

0 

P 

P 

p 

P 

0 


fp 

•H 

•H 


0 

< 

X 

0 

P 

fp 

0 

ctS 



p 



0 

0 

0 

P 



P 

CD 

N 


cd 

P 

0 

oS 

P 

45 

to 

45 

to 

P 


p 


p 

0 


0 

:3 

•H 



i-H 

P 

45 


0 

0 

• 

X 

X 

•iH 


0 


p 

•iH 

p 

p 

0 

P 

P 

• 


to 

P 




r*- 

0 

to 


p 

p 

c 

a 

P 

p 

Pi 


P 

<t> 

X 

X 

to 

•H 

-P 


-P 

Oi 



to 

45 


p 

p 

0 

-d 



> 

P 

rH 

p 

0 

0 

P 


P 


0 

bO 

P 

P 

to 


0 

P 

S 

a> 

. 


P 

CD 

a 

p 


P 

to 

P 

X 

45 

P 

P 


•H 

to 

4h 

•rH 

d 

s: 

CO 

to 

0 

> 

no 

p 

4 h 


p 


fp 

P 

•H 

0 

0 

P 

P 

P 

P 

0 


£ 

CtJ 


•H 

p 


0 

0 

bo 

0 

0 


Ip 

P 

P 

P 

fp 

0. 

0 

43 




T 3 

P 

p 

p 


P 


to 

P 

<P 

& 

•iH 

P 

CO 

P 

cu 



X 

f-i 


P 

0 

0 

0 

to 

P 

p 

Ip 

0 

0 

a 

£ 

0 


to 


bO 

*d 


bO 

0 

CtJ 

CD 


XI 

0 

to 

to 

p 

a 


p 

0 

•rH 


0 

tL. 

P 

P 

•H 

0 

•H 


P 



•iH 

to 

P 

& 

•iH 

X 

to 

P 

TJ 

• 

p 

< 

•iH 

p 


P 


0 

to 

to 

w 

P 

0 

P 

a 

X 

0 


P 

P 

P 


:z; 

X 



P 

ct5 

U 

<0 

p 

45 


p 

45 

•H 

0 

P 

0 

0 

•H 

•rH 

Ip 


•iH 

0 

(A 


P 

0 

u 


0 

P 

p 

X 


p 

P 

•P 

0 


X 

p 


a 

P 


U 


0 


'p 




0 

0 

p 

P 

p 


to 

0 

p 



0 

C/) 

0) 

<D 


A 

<D 

tp 

P 

p 


•H 

p 

0 


o. 

•H 


p 


•d 

N 

<D 

4<> 


<u 

CM 

CO 

rt 

0 

0 

0 

4 h 

0 

0 

p 

p 

to 

0 

0 

0 

0 



P 

P 



p 

P 

*iH 

43 

45 

•H 


ct) 


p 

X 

fp 

a 

45 

p 

P 


P 

'P 

p 



•H 

to 

B 

P 

0 

0 



p 

rH 


•iH 

p 

•rH 

0 

TJ 

€ 

X 



CO 


P 

S 


0 

P 

0 

0 

p 

P 

M 

P 


a 

P 

0> 

0 

•H 

p 

0 

p 

0 

0 

45 

4 h 

P 

0 

45 

bO 

p 

P 

0 

0 

m 

•rH 

g 


0 

B 

•H 

p 



P 

0 

0 

to 


P 

P 

0 

P 

P 

P. 

0 

fp 

0 


R-9315 



Introduction and Sununary 

Task I: Injector and Thrust Chamber Design and Fabrication 

Injector Design 
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Sampling Probe Heat Transfer Sviniraary 

Measured Volumes of Sampling System Used During Initial Firings 
Measured Volumes of Sampling System Used During Later Firings . 
Demonstration of Procedure for Determining Condensable Fraction 
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23. Calculated Performance Parameters for Stratified Flow Engine 
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To use the data as a check on the accuracy of JANNAF combustion models 
at nonhomogeneous conditions 
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to the core and outer region are equal, the average mass flux for each ring is 
uniform within 0.6 percent (see Table 1). 
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cal combustion section to the throat circlet was selected to make the turn grad- 
ual enough to prevent flow separation, while providing sufficient constant area 
cylindrical length to simplify the interpretation of chamber pressure measure- 
ments. The transition circlet from the throat to the conical nozzle has a 
radius equal to the throat radius in order to minimize the shock at the tangent 
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Figure 3. Overall Engine Assembly 


point. A 15-degree conical nozzle expansion angle was selected to minimize 
contour related flow nonuniformities and to simplify interpretation of flow 
stratification results. The nozzle extension shown in Fig. 3 is made of mild 
steel. This extension is also a 15-degree conical section starting at an 
expansion ratio of 4 and terminating at 25. 
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Figure 5. Schematic Cross Sections of Heat Transfer Isolation Segments 



TABLE 5. RADIAL PATH LENGTHS FOR THERMAL PLUGS IN NOZZLE 
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*The environmental gas consists of pure nitrogen injected through a porous 
plate at a very low velocity base bleed around the injection element. This 
base bleed prevents excessive recirculation, allowing a much better simula- 
tion of the near-injector region under hot-firing conditions. 
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surface, thereby preserving its liquid dropsize distribution. The frozen wax 
sample is washed down with water, collected, vacuum dried, and finally subjected 
to a sieve analysis determining the mass distribution as a function of droplet 
diameter. 
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Figure 9. Cold Flow Injector Assembly (Mixing) 


the atomization tests. However, for the atomization tests, the mixing 



where 6 = angle between injector face and the liquid jet 
D = orifice diameter 
p = density 

MR = 0/F mixture ratio 
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Fig. 12, additional data presented in Ref. 1 show that the mass median drop- 

size is insensitive to X /D over the range 0.2 to 0.7. Because the subject 

P 8 

tests fall within this range of penetration, the inverse power relationship 

shown in Fig. 12 should provide a complete characterization of dropsize for 
2 

the range 50<p V <260 psi. 


Mixing Test Results . Four mixing tests were conducted. All three of the 
conditions listed in Table 6 were run at a collection distance of 2 inches 
(Runs 5,6, and 7), and the low mixture ratio case conditions were repeated at 
a collection distance of 5 inches (Run 4). Measurement at two distances was 
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Figure 10. Atomization Test Results: Dropsize Distribution Curve 




Single-Element Mixture Ratio 









•ojH xmH 



is varied. This follows because the total volume under each profile (exten- 
ded to three dimensions) is equal to unity; therefore, changes in the dis- 
tribution of gas and liquid flux concentrations can be easily seen by direct 
comparison of normalized mass flux profiles. 
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TABLE 7. SUMMARY OF MANIFOLD DISTRIBUTION MEASUREMENTS 
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Note that the pressure difference between that upstream of the 
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Using Eq. (2) the maximum flow deviation for each manifold is listed below: 
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Location: All three probes are capable o£ sampling any streamline 

from the nozzle centerline to a radius of 13.1 inches. 
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Response: A sample volume of 20 cubic inches is filled in one 
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Figure 25. Probe Mounting Bracket 
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in Table 8. For the actual tests the nominal coolant flowrates were 
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Secondly, the sample vessel was cooled to a known temperature, permitting 
condensation of water. The remaining gases were then expanded into the pre- 
calibrated analyzer system. A portion of the expanded samples was injected 
into a gas chromatograph for determination of the hydrogen/oxygen 
concentrations. 









Figure 27. Sample Collection Unit 
Preliminary Design 







Figure 28. Sample Collection Unit 
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requiring use o£ slower integration methods . Response ratio calibrations 
were performed in the laboratory to minimize the final calibration require- 
ments at the test site. 
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Figure 29. Schematic of Gas Chromatograph Analyzer 
for Ho and Oo 
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differences occurred between the first and second set of volume measurements. 
As discussed below, the valves were changed because of the unacceptable amount 
of leakage encountered through the seats of the first model used. 
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TABLE 9. MEASURED VOLUMES OF SAMPLING SYSTEM 
USED DURING INITIAL FIRINGS 
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Manifold 70 

*Valve leaks badly from manifold into sampler. 









TABLE 10. MEASURED VOLUMES OF SAMPLING SYSTEM USED DURING LATER FIRINGS 
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The 29B test position consists of LOX, GO 2 , and GH 2 propellant supply systems, 
altitude simulation systems, and instriomentation systems. 
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liquid and gaseous nitrogen. The liquid nitrogen is utilized to condition 
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comes from a 360-gal, 2000-psi tank flowing ambient water, which also suppin 
water for cooling the chamber between runs. The other system is also a 
360-gal, 2000-psi tank; however, the water from this tank is heated by means 
of the heater shown in the sketch to about 250 F prior to its use in cooling 
the probe center body annuli. 


Finally, the propellants were ignited with gaseous fluorine from the system 
shown in Fig. 34. One fluorine K bottle was used which was plumbed directly 
to the LOX system downstream of the LOX main valves. The pressure at the 
bottle is approximately 250 psia, and the nominal flowrate is 0.17 Ib/sec. 
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TABLE 12. INSTRUMENTATION CAPABILITIES AT CELL 29A 
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passages. The cowl water supply pressure was 800 to 840 psi. Design water 
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Figure 37. Chamber Pressure-Time History for Run 547 








Figure 39. Temperature History of Throat Region Heat Flux Transducer 
No. 17 During Test 547 





together with the low wall temperature relative to the combustion gas stagna- 
tion temperature, indicates that the wall heat transfer measurements were also 
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To lay the beisis for subsequent theoretical analysis by the BLIMP 
computer program of the JANNAF analytical procedure 


Axial chamber wall heat flux profiles of tests which illustrate the four 
general sets of conditions studied are presented in Fig. 41 through 45. 
The tests represent, respectively: 
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Figure 41. Chamber Wall Heat Flux in Test 547 Made With Essentially 
Uniform Combustion Gas Flow and No Film Cooling 
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Figure 42. Chamber Wall Heat Flux in Test 251 Made With Essentially 
Uniform Combustion Gas Flow and No Film Cooling 
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Uniform Combustion Gas, Flow and 11.8 Percent of the Fuel 
Used as Film Coolant 








Figure 45. Chamber Wall Heat Flux in Test 238 Made With Striated 
Combustion Gas Flow and With 9.7 Percent of the Fuel 
Used as Film Coolant 
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Figures 41 and 43 also compare the experimental heat fluxes to the predic- 
tions of the computerized Rocketdyne version of the Elliott-Bartz-Silver 
analysis . 
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attributed to the effects of mixture ratio bias and film cooling. Comparison 
of the experimental fluxes for the two tests indicates that the heat transfer 
was reduced by approximately 25 percent throughout the chamber and nozzle. 
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the 0.8 power. The functional dependence of mixing upon stream thickness is 
expected to be different for the present problem, in which a substantial 
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described in terms of a function, f(MR), which, from the simplified Bartz 
relation, Eq. 6, is defined as 
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Fig. 47 are important because they show that the same percent of the overall 
fuel employed as a film coolant produces the following effects: 
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Figure 48. Correlation of Throat Heat Flux in Tests 542-552 
for Complete Mixing of Film Coolant and Outer 
Zone Flow 
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WALL MIXTURE RATIO 

Figure 51. Correlation of Throat Heat Flux in Tests 246-253 for 
Partial Mixing of Film Coolant and Outer Zone Flow, 




scatter o£ the experimental heat flux around the correlation curve is 
generally below the ±10 percent consistent with the estimated accuracy of the 
data on page 94. 
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The analysis for hydrogen, oxygen, and water was accomplished by a combination 
of PVT measurements and gas chromatography (gc). The total moles of gas in 
each sample vessel were first determined from the recorded pressure and temp- 
erature in the heated block together with the known sample bottle volume. Hie 
samplers next were cooled to condense all water, and the remaining gases from 
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The calculated results from tests 238 to 253 are presented in Table 18. Com- 
parison of the data in the second from the last column with the corresponding 
data for the initial firings in Table 17 indicates that the substitution of 
improved valves markedly reduced but did not completely eliminate the contami 
nation assigned to the outside atmosphere according to the data reduction 



TABLE 18. SUMMARY OF SAMPLING TEST DATA OBTAINED DURING LATER FIRINGS (TESTS 238-253) 
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Although the sequence discussed was actually used in the initial firings, 
(Tests 542 to 552), the same considerations apply to the later 200 series 
firings. 



Although postulating such a mechanism for the presence of unbumed oxygen is 
necessarily speculative, it is significant that the data in Table 18 show that: 
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*Note in Table 18 that the "air" contamination listed for probe X 3 is nitrogen 
rather than the 4 : 1 nitrogen/oxygen .jnixture . 



The last columns of Tables 17 and 18 present the equivalent mixture ratio for 
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The mixture ratios calculated on this basis are compared to the injected zonal 
mixture ratios in Table 19. The injected wall mixture ratio includes mixing 
between film coolant and outer zone in accordance with Eq. 10. Examination of 
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TABLE 20. COMPARISON OF EXHAUST GAS SAMPLES WITH INJECTED ZONAL MIXTURE 
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tests selected to typify experimental results in the preceding Task IV dis- 
cussion (see Fig. 41 through 45). The conditions specified for the four 
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tion and drag fonnulae. Calculations are made by a marching procedure from 
the starting plane to the nozzle throat in which the individual stream tube 
solutions are coupled by constraints on total cross-sectional area and on the 
pressure profile. Pressure is assumed to be constant across each z (axial 



TABLE 21. OPERATING CONDITIONS AND COMBUSTION PARAMETERS 
SPECIFIED FOR FOUR TEST CASES 
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Film Coolant Flow, Ibm/sec 0.291 0.400 0.00 0.00 
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temperature profiles is made. Turbulent transport terms in the equations of 
motion of BLIMP are considered only after the transition criterion, an input 
transition Reynolds number based on momentum thickness, has been satisfied. 
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tor. Consequently, it was convenient to formulate the STC combustion flow 
field directly into three stream tubes based upon these zones. 
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cient providing the best fit shown in Fig. 53. Application of the assumed 
mixing criterion to get an initial prediction of wall region mixture ratio, 
followed by successive comparisons with the wall heat transfer calculated by 
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thermodynamic equilibrivim computer program (Ref. llj. Initial calculations 
were made with the program for an assumed hydrogen inlet temperature of 
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predicted performance can be considered to be a satisfactory demonstration of 
the performance prediction capability of the JANNAF system of computer 
programs . 
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calculated heat fluxes in the two tests are only 6 percent and 10 percent, 
respectively; moreover, the deviations of the experimental points are uni- 
foraly distributed about the analytical curve. However, the agreement is not 
nearly as good in Tests 252 and 547. In these two firings, the average devia- 
tions between measured and calculated local heat fluxes are 18 percent and 
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Figure 57. Comparison of Analytical Heat Flux Profile 





26 percent, respectively, and the experimental data points are consistently 
well below the analytical curve except at the boundary layer attachment point. 
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TABLE 24. COMPARISON OF (Cpg/Cpp) ^ WITH THE RATIO BETWEEN HEAT TRANSFER 
COMPUTED BY BLIMP TO EXPERIMENTAL HEAT TRANSFER 
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appears that requirements for such cooling might be overestimated in design 
calculations made with the BLIMP computer program. 
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It is recommended that the current program of investigations of H2/LOX propel- 
lant combination be extended to other propellant combinations and injectors. 



and in particular to a typical liquid/liquid system, to generalize the data 
and conclusions obtained. It is further recommended that such an 
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Figure B-3. Theoretical Temperature Response of Thermal Isolation Plug 




versus time for a range of values of heat transfer coefficient as shovm in Fig. 
B-4. The calculation was made by successive applications of the HEATING pro- 
gram and a similar Rocketdyne program, DEAP (Differential Equation Analyzer 
Program) . DEAP permitted the instantaneous value of heat transfer coefficient 
to be related to the steady-state value in accordance with the relation 
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REFERENCE 
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DEFINITION OF WALL MIXTURE RATIO 
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that resultant heat transfer correlations will apply only to the region where 
spray evaporation is relatively complete and the flow assumes stream tube cha 
teristics. Additionally, it is assumed that the mixed zone includes the enti: 



film coolant layer, a simplification that applies when moderate percentages of 
the fuel are used as a gaseous film coolant. 
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